Variation in abundance of a plant species along an ecological gradient is the result of its physiological tolerance to adverse situations (e.g. resource limitations, toxicity), its interaction with other species (e.g. competition, herbivory, facilitation), and its response to disturbance (e.g. fire, flooding). This variation determines the species' response to that gradient (Austin 1985) .
In a taxonomic context, heaths constitute a natural group of species -the subfamily Ericoideae -within the Ericaceae (Oliver 1989 ). They present a quite homogeneous habit (small-mid size shrubs with narrow, 'ericoid' leaves) which contrasts with a strongly diversified floral morphology (Rebelo et al. 1985, Arroyo and Herrera 1988) . Heaths are mainly found on acid, nutrient-poor soils (Groves 1981 , Oliver 1991 , Ojeda et al. 1998 , thriving in those environments thanks to their association with mycorrhizae (Pearson and Read 1973, Lamont 1982) . About 95% of heath species (21 genera and ca 800 species) are native to southern Africa, most of them confined to the Cape floristic region (Oliver 1989) . The subfamily Ericoideae is represented in the northern hemisphere by 20 species within three genera (Erica, Calluna and Bruckenthalia), mainly restricted to Europe and the north of Africa .
Heaths in the northern hemisphere have traditionally been associated with temperate latitudes owing to the abundance of heath-dominated plant communities (i.e. heathlands) in oceanic areas of western and northwestern Europe (Gimingham 1972 , Gimingham et al. 1979 . Nevertheless, most northern hemisphere heath species are Mediterranean in origin (Greuter et al. 1986 , despite heathlands being uncommon within the Mediterranean region. The Strait of Gibraltar region, at the western end of the Mediterranean Basin, harbours eight heath species (seven Erica species plus Calluna 6ulgaris (L.) Hull, cf. Valdés et al. 1987 and Jahandiez and Maire 1931-34) , representing an important centre of diversity for the northern hemisphere . In this region, heathland is also a dominant vegetation-type and the most representative heath species are Erica australis L., E. scoparia L., E. arborea L. and Calluna 6ulgaris (see below). These four heath species, plus E. umbellata L. and E. multiflora L. (the latter only present at the Moroccan side of the Strait, Ojeda et al. 1996a) , thrive in Mediterranean heathlands and shrublands (Ojeda 1995) . However, two other heath species also present in the study area, E. erigena R. Ross and E. ciliaris L., do not seem to tolerate summer drought, characteristic of the Mediterranean climate, being restricted to permanently wet habitats, such as springs and river banks (de Benito 1948 , Ojeda 1995 .
In previous studies at the community level, we found that soil soluble aluminium and shade conditions were main factors determining the abundance patterns of woody species (Ojeda et al. , 1996a in woody communities of the Strait of Gibraltar region. In this paper we describe the ecological separation between Erica australis, E. scoparia, E. arborea and Calluna 6ulgaris along two main environmental gradients, the one related to soil aluminium, and the other related to overstorey tree cover, as a surrogate for the limitation by light deficit in shade conditions, at both sides of the Strait of Gibraltar. The toxicity caused by high soluble aluminium limits the growth of many plants in acid soils (Woolhouse 1981) , thus justifying having selected the content of soluble aluminium in soil for the first environmental gradient. We vindicate the selection of the second environmental gradient, related to light availability, upon the fact of most heath species being light-demanding, growing in exposed sites (de Benito 1948 , Gimingham 1960 , Oliver 1989 , Iason and Hester 1993 .
Additionally, as a first account of the competitive ability of these plants, we have studied their performance, in terms of biomass allocation and reproductive efficiency, in contrasted sites of the two environmental gradients mentioned above.
The main aim of this paper is to determine whether patterns of ecological separation of these four heath species along the two environmental gradients considered are analogous at both sides of the Strait, given the close proximity and biogeographical similarities between the two peninsulas forming the Strait of Gibraltar (see below).
Methods

Study area and species
The Strait of Gibraltar region is formed by the confrontation of two small peninsulas, Algeciras at the northSpanish -side, and Tangier at the south -Moroccan -side, separating the Atlantic Ocean from the Mediterranean Sea (Fig. 1 ). Both peninsulas, barely separated 14 km, have a ragged topography. Aljibe (1092 m) and Bou Hachem (1681 m) are the highest peaks in Algeciras and Tangier respectively. These peninsulas show remarkable floristic, biogeographical and ecological affinities (Valdés 1991 , Ojeda et al. 1996a , Marañón et al. 1999 . They are characterized by a mild Mediterranean climate (Table 1) due to oceanic influences, and by the dominant presence of acid, nutrient-poor, siliceous sandstone-derived soils (Ibarra 1993 , Ojeda 1995 otherwise scarce in the Mediterranean Basin (Specht and Moll 1983) . These soils also have a high exchangeable aluminium content (INIA 1970) . They occur on sandstone mountains and hills, in the form of 'edaphic islands' surrounded by more fertile, marly or loamy lowlands (Ojeda et al. 1996a ). The overall range of the area covered by these acid soils is smaller and more fragmented in Tangier (Fig. 1 , Ojeda et al. 1996a) .
Heathlands are dominant on acid soils, whereas more fertile, surrounding soils harbour 'maquis' or 'garriga' shrublands (Arroyo and Marañó n 1990) , a typical vegetation extending throughout the Mediterranean Basin, which is recognized as the paradigmatic type of Mediterranean vegetation (e.g. Tomaselli 1981) . Heath species dominate open heathlands on poorly developed soils of exposed ridges and crests. They are also abundant on deeper soils of middle slopes, in the understorey of evergreen Quercus suber (cork oak) woodlands and semideciduous Quercus canariensis forests.
Slashing, grazing and fire constitute the main agents of disturbance on these heathlands. In Algeciras, heath communities under Quercus suber woodlands are slashed back every seventh to ninth year to facilitate cork harvesting. In Tangier, cork is less intensively exploited, but the rural population is much denser (El Hattab 1989 , Deil 1990 and slashing for fencing and fuel is more severe (Ojeda 1995 , Marañó n et al. 1999 . Grazing by goats and sheep is also more severe in Tangier than in Algeciras (El Hattab 1989 , Marañón et al. 1999 . Uncontrolled fires are frequent during the summers in both peninsulas.
Erica australis, E. scoparia, E. arborea and Calluna 6ulgaris are the most frequent heath species in these Mediterranean heathlands (Ojeda et al. 1996a) . The habit of these three Erica species is rather similar, all being multistemmed and having a thick underground lignotuber (Rodríguez et al. 1994) , out of which they readily resprout and regenerate their above-ground biomass after slashing or burning (Ojeda et al. 1996b , Fig. 1 . Geographic location of the study area. Solid lines correspond roughly to patches of sandstone derived soils (see Ojeda et al. 1996a) . Numbers indicate location of weather stations referred in Table 1 . Salvador et al. 1996) . In contrast, Calluna lacks a lignotuber and the ability to resprout (but see Hobbs et al. 1984) , although its post-disturbance seedling recruitment enables it to colonize burnt areas readily (Ojeda et al. 1996b ). These four heath species thrive on acid and nutrient-poor soils and sunny exposures in the western Mediterranean (Aubert 1977 , 1978 , Iason and Hester 1993 , Rodríguez et al. 1994 . However, despite their apparently similar ecological requirements, they are somewhat spatially segregated in the landscape of the Strait of Gibraltar region (Rodríguez et al. 1994 , Ojeda 1998 . Table 1 . Climatic data of six sites across the Strait of Gibraltar (see Fig. 1 for location of sites). M, mean of maximum temperatures within the hottest month; m, mean of minimum temperatures within the coldest month; T, mean annual temperature; P, mean annual rainfall. 
Species abundance and environmental gradients
The abundance of the four heath species was recorded in 63 sampling sites representing the main vegetation types in the region (31 sites in Algeciras and 32 in Tangier, see Ojeda et al. 1996a for location). Each species' abundance was estimated by measuring its relative cover in a 100 m-line transect. Overstorey tree cover was recorded at each site on the same 100 m. A soil sample (mixing 3 subsamples of about 20 cm diameter and 25 cm depth collected haphazardly along the 100 m-line) was also taken and analysed for soluble aluminium (using methods described in Allen 1989). Aluminium content in soil ranged from 1 to 486 parts per million in Algeciras samples and from 2 to 120 in Tangier. Overstorey tree cover ranged from nil to 100% in both geographical subsets of samples. Values of soil aluminium and tree cover of all samples were ranked and divided into thirds by two quantile cut-offs so as to have three levels of each environmental gradient for both subsets of samples.
Species performance
The performance of the species was estimated using several vegetative and reproductive parameters of plants sampled in contrasted habitats chosen among the study sites in Algeciras region. Ideally, we looked for two sites representing extremes of both environmental gradients and containing populations of the four heath species. After a careful examination of the community samples, and despite strong overlap of heath species, this complete co-occurrence requirement was impossible to achieve. Therefore, two samples having contrasted situations of both environmental gradients were selected for E. australis, E. scoparia and C. 6ulgaris, one of them being associated with high cover values of the species (i.e. its supposed 'optimum'). In the case of E. arborea, this scheme of 'optimum' vs 'sub-optimum' was mainly related to overstorey tree cover (Table 2 ). This part of the study was limited to Algeciras.
In each population three undamaged plants were selected, representing the average size in the population. Plants were dug out at their flowering peak, their branches were fragmented, kept in plastic bags and brought to the laboratory. Then, they were oven-dried at 60°C until constant weight (ca five days) and their woody parts (lignotuber when present, thick roots, stems) were hand-separated. The non-woody parts (leaves, flowers and fruits) are very small in all heath species and hence specific methods were designed for their separation.
In E. australis and C. 6ulgaris the total amount of leaves plus flowers was hand-separated from branches after drying. Then it was passed through a linear sieve (1.5 mm space between threads) which allowed the ECOGRAPHY 23:1 (2000) 151 Table 2 . Ecological characteristics of sites where species were analysed for biomass allocation. separation of leaves from flowers (size up to 8.5 mm in E. australis and 4.5 mm in C. 6ulgaris). Calluna 6ul-garis presented a partial methodological problem, due to the imbricate, non-linear leaves of their younger twigs which are not deciduous after drying. Hence, two samples (2 g each) for each plant were taken from the amount of unseparated leaves and young twigs. Leaves and twigs were then carefully separated and weighed, and then extrapolated to the fraction of unseparated material. The obtained values were added to those obtained by hand-separation (older leaves and branches). For E. scoparia the sieve method was impossible to use, owing to the very small size of its flowers (Arroyo and Herrera 1988) . Instead, total amount of leaves plus flowers of each plant was weighed and homogenised by stirring. Ten samples of the homogenate (1 g each) were obtained, the flowers and leaves were carefully hand-separated, weighed, and the values extrapolated to the whole plant.
In all species analysed, numbers of flowers were obtained indirectly, due to the very high number present in each plant (up to tens of thousands). The average dry weight of a flower of each species was estimated by weighing 50 flowers separately, and hence extrapolating to the weight of the whole flower biomass of each plant.
The vegetative performance of the plants through their potential photosynthetic efficiency was estimated as the relative foliar allocation, that is, the ratio leaves/ stems measured as dry weight. Reproductive performance was measured as relative flower allocation: the ratio total flower dry weight/above-ground vegetative matter (sum of dry weight of leaves and stems).
Due to the destructive nature of the methods above described, another measure of the reproductive performance of the plants (fruit set) was obtained from other plants in the populations. During the fruiting season, 10 branches (one per plant) were randomly selected in each population. On each branch, the number of flowers which set fruit was recorded over a sample of 300 flowers and given as a percentage. This was possible to be done in a single counting since flowers are persistent during most of fruiting season in heath species.
Numerical analysis
Despite range of the aluminium gradient being different between both geographical subsets of samples (see above), having ranked and divided both environmental gradients into three levels by means of two quantile cut-offs provided three matched levels of each environmental gradient in Algeciras and Tangier, which enabled us to make within-species comparisons between both peninsulas along the two environmental gradients by means of two-way ANOVAs. Previously, variable species' relative cover was arcsine transformed.
Ecological similarity or overlap between all pairs of heath species was quantitatively estimated through Schoener's (1970) method, which is based on the relative frequencies of each species in a pair along the communities. In this study, values of species relative cover (cover along the 100 m-line transect) in each community were used.
Differences in biomass allocation between populations within each species were analysed using nonparametric Mann-Whitney tests (Sokal and Rohlf 1995) , given the small sample size (n= 3) per population for the four species. Differences between populations in the percentage of fruit set (n = 10 branches per population) were analysed by means of t tests on arcsine transformed data. The Statistica software package (Anon. 1997) was used for all the statistical analyses.
Results
Species response
Erica australis and C. 6ulgaris are associated with soils with medium to high content of soluble aluminium (Fig. 2) . This pattern is clearest in Algeciras, but it is maintained also in Tangier (Table 3) .
Erica scoparia is abundant in Algeciras and, despite its lack of association with the soil aluminium gradient (Table 3) , is the dominant heath species under relatively favourable edaphic conditions (i.e. soils with low soluble aluminium, Fig. 2 ). This species is significantly less abundant in Tangier (Table 3) .
Erica arborea has a low abundance in Algeciras and has no significant response to the soil aluminium gradient (Fig. 2, Table 3 ). The presence of this species in Algeciras is only relevant in areas of high tree cover (Fig. 3) . The other three heath species, in contrast, show no clear trends along this shade gradient (Table  3) , although E. australis and C. 6ulgaris tend to be less abundant under medium-high tree cover (Fig. 3) . Erica arborea is significantly more abundant in Tangier (Table 3) , virtually embracing both soil aluminium and shade gradients (Figs 2 and 3) . The ecological response of E. arborea along the tree cover (shade) gradient is different between peninsulas, as denoted by the significant interaction between region and gradient level effects (Table 3 ). In Tangier, this species is dominant under either low and high tree cover (Fig. 3) .
Comparing the heath species responses between Algeciras and Tangier regions two main aspects emerge: 1) the overwhelming presence of E. arborea in Tangier throughout both soil aluminium and shade gradients, and 2) the seeming lesser presence of E. scoparia in Tangier compared with Algeciras.
Ecological overlap
The values of ecological overlap, as indicated by the relative cover of the species in the community samples, are included in Table 4 . Two facts are most remarkable: 1) the constant lower overlap between E. arborea and any other heath species in Algeciras in comparison with Tangier, and 2) the strong overlap between C. 6ulgaris and both E. australis and E. scoparia, especially in Algeciras.
Species performance
At the species level, E. arborea has the highest aboveground biomass (mean =2.5 kg dry mass) and also the more massive lignotuber (mean =2.6 kg), followed closely by E. australis, with 2.1 kg of shoot dry mass and 2.3 kg of lignotuber. Erica scoparia plants are much smaller, with means of 0.6 kg above-and 1.6 kg below-ground, but still with a remarkable lignotuber. Calluna is a relatively small heath, it has a mean of 0.3 kg above-ground (9 times lower than E. arborea) and no specialised root morphology to resist disturbance, weighing only 0.1 kg of woody roots (Table 5) . Relative foliar and flower allocation also seem to be to some extent genus specific and hence C. 6ulgaris presents up to about twice and three times the values of the Erica species studied (Fig. 4) .
At the population level, both vegetative and reproductive parameters showed differences for the species studied in contrasted habitats (Fig. 4) . Moreover, the species behaved in a different manner according to whether the population is close or far from its supposed ecological optimum (cf. Figs 2 and 3 for Algeciras). This behaviour was consistent for vegetative and reproductive parameters in all species except E. arborea. All differences between populations were significant except for relative foliar allocation in C. 6ulgaris and E. arborea, and relative flower allocation in E. arborea. Species more typical of acidic, aluminium-rich soils (i.e. E. australis and C. 6ulgaris according to Fig. 2) show a higher vegetative and reproductive (flower and fruit set) performance in the acidic site representing its supposed ecological optimum (A in Fig. 4) . Erica scoparia presents its higher performance, both vegetative and reproductive, in the site representing its supposed ecological optimum, a cork-oak forest understorey on moderate acid soil with low aluminium and moderate tree cover (A in Fig. 4 ). On the contrary, E. arborea, with its optimum apparently in habitats with very dense tree cover (Fig. 3) , shows a relatively higher foliar and flower allocation in such habitat (A in Fig. 4 ), although differences were not significant. However, its performance in terms of fruit set was just twice in the 'sub-optimum' site, an open garrigue on limestone (B in Fig. 4 ).
Discussion
The four heath species studied are known to thrive on acid and nutrient-poor soils and sunny exposures (Aubert 1977 , 1978 , Iason and Hester 1993 , Rodríguez et al. 1994 . Moreover, habit of the three Erica species is similar. However, a detailed analysis of their distribution and abundance in the Strait of Gibraltar region has revealed different ecological patterns along both soil aluminium and shade gradients. We suggest that the differences among these closely related species are mainly caused by their differential tolerance to limiting conditions (e.g. high aluminium, shading conditions) and the outcome of competition. Competition is difficult to detect from field descriptive data (Hastings 1987, Wilson and Gitay 1995) and its role in the structure of plant communities has been even questioned by some authors (e.g. Silvertown and Law 1987) . However, the role of competition is expected to be relevant in the ecological distribution and coexistence of co-occurring congeneric species (Lamont et al. 1989 , Mustart and Cowling 1993 , Richardson et al. 1995 , but see Sultan et al. 1998 ).
Ecological response
Edaphic requirements of E. scoparia and E. arborea are relatively broad (Aubert 1978 , Rodríguez et al. 1994 . Erica scoparia is perhaps more associated with sandy, acid soils than E. arborea (Aubert 1978 , Ojeda et al. 1996a . Erica scoparia covers a broad range of habitats in Algeciras and it seems to be a strong competitor under relatively favourable edaphic conditions (Fig. 2) , where it would exclude other heath species, although it does not show a significant preference in the edaphic (soil soluble aluminium) gradient (Table 3) . Only under extreme edaphic conditions (i.e. high soluble aluminium) can E. australis and C. 6ulgaris take over. Erica arborea has a low abundance in Algeciras, except Fig. 3 . Abundance of the four heath species in three situations on the shade (tree cover) gradient.
under very high tree cover (Fig. 3) , where it can become the dominant species. This pattern of ecological distribution is somewhat similar in Tangier, but appears blurred by the overwhelming presence of E. arborea throughout both environmental gradients (Figs 2 and 3) . In contrast, abundance of E. scoparia seems to decrease significantly in Tangier compared to Algeciras. Tilman (1988) presented a theoretical model under ideal conditions of limiting resources which predicts a higher competitive ability in plants that allocate more resources to production of photosynthetic tissue (i.e. vegetative performance). Reproductive performance is obviously more important for short-lived plants, especially annuals, but it should not be neglected in longer lived perennials.
Calluna 6ulgaris and E. australis showed a higher vegetative and reproductive performance on acidic soils, with high aluminium content and scarce tree cover (Fig. 4) . In contrast, performance of E. scoparia, ECOGRAPHY 23:1 (2000) both vegetative and reproductive, was higher under more mesic conditions (lesser acidic soils with low aluminium and higher tree cover). These three species showed higher performance values where they happened to be more abundant (i.e. 'optimum'), as expected. In contrast, E. arborea did not fit this trend. Although both relative foliar and flower allocation seemed to be higher under high tree cover, where this species is more abundant, differences were nonsignificant when compared with the other situation (i.e. garrigue-type shrubland on limestone, see Fig. 4 ) where E. arborea is much less abundant (Table 1) . Furthermore, fruit set was significantly higher in the latter habitat (Fig. 4) . However, caution must be taken when appealing to these results, owing to the paucity of data out of which they have been obtained (see Methods).
Despite C. 6ulgaris having a similar ecological response to E. australis and, in much lesser extent, to E. scoparia, it co-exists largely in Algeciras with these two species (Table 4) , specially under low or null tree cover (Ojeda 1995 . This capacity of coexistence is probably determined by their contrasted regeneration traits: the two Erica species are 'resprouter' (sensu Keeley 1986) whereas C. 6ulgaris does not resprout, but it is an effective seeder (Ojeda et al. 1996b ). These differences in the 'regeneration niche ' (cf. Grubb 1977) allow potentially competing species to coexist (Grubb 1977 , Arroyo and Marañó n 1990 , Bond et al. 1992 , Enright and Lamont 1992 .
Erica arborea shows the largest size, in both belowand above-ground structures (Table 5 ). In the region, it can reach a tree-like habit, with trunk of 15 cm diameter and up to 6 m height, in preserved Quercus canariensis forests. In the Mediterranean, it is considered a competitive species in mesic and productive habitats, being a representative species of highly structured, low disturbed communities (de Benito 1948 , Aubert 1977 , Quezel 1981 , Rivas Martínez 1987 , Galán de Mera 1993 , Paraskevopoulos et al. 1994 ). The pattern found in Algeciras, being only relatively abundant under high tree cover, also seems to feed this paradigm. However, how could we explain the overwhelming presence of E. arborea in Tangier throughout both environmental gradients?
Geographical pattern: a hypothesis
Since these four heath species are associated with acid, sandy soils (Aubert 1978 , Rodríguez et al. 1994 , Ojeda et al. 1996a , the smaller size and higher distance between sandstone patches in Tangier (Fig. 1 , Ojeda et al. 1996a ) would cause population isolation, making them vulnerable to local extinction (Bond et al. 1988) . High disturbance regimes would probably increase adult plant mortality and hamper recruitment, amplifying the risk of extinction of isolated populations. Therefore, the 74.09 13.0
(1) n = 6, except for fruit set (n =20);
Thick roots for C. 6ulgaris. Fig. 4 . Performance of the four heath species in two contrasted ecological conditions, one close to the supposed optimum (A) and the other far from it (B). Performance has been estimated measuring three parameters: dry weight ratio of leaves and stems, dry weight ratio of flowers and above-ground vegetative biomass (AVB, i.e. leaves plus stems), and proportion of fruit set. Means9 SD are shown based on three measurements per population, except in fruit set, where ten measurements per population were taken. *** =pB 0.001; ** = pB0.01; * =pB 0.05; ns, nonsignificant.
more fragmented arrangement of sandstone patches in Tangier and higher disturbance levels at this side of the Strait (Deil 1990 , Ojeda 1995 , Marañó n et al. 1999 might account for the differences found between these otherwise similar peninsulas. In Tangier, the three Erica species are under severe and recurrent slashing for household fuel and fencing (Ojeda 1995) . Erica scoparia, mainly found on middle slopes (Ojeda et al. 1996a ), would be under stronger pressure, as these sites are more likely to be near human settlements. Erica australis would escape from slashing in exposed ridges and higher parts of sandstone mountains, far from villages, where this species is still abundant. Although C. 6ulgaris is probably not slashed as heavily, owing to its smaller size, it would be affected by grazing at least in the same degree than the other species. Calluna 6ulgaris is seldom dominant in Tangier, but is found throughout the edaphic gradient in sandy, cleared areas.
But, considering the above argument, how can we explain the dominance of E. arborea in Tangier, especially in highly disturbed communities (Ojeda et al. 1996a )? The pattern found also contradicts the paradigm of considering E. arborea associated to highly structured, low disturbed communities. We suggest that E. arborea, in spite of being the more generalist of the four heath species (Aubert 1977 , 1978 , Rodríguez et al. 1994 would be a weak competitor against E. scoparia and E. australis, but (ii) would be more resistant to disturbance, thus being favoured to some extent under recurrent slashing. This hypothesized higher resistance of E. arborea to recurrent slashing is testable and should indeed be tested experimentally. In fact, holocene pollen records in Tangier show peaks of abundance of E. arborea coinciding with historic periods of high disturbance (Reille 1977) . In Algeciras, where disturbance is much less (Deil 1990 , Ojeda 1995 , Marañó n et al. 1999 ), E. scoparia and E. australis would exclude E. arborea from most sites. Therefore, the association of E. arborea in Algeciras with high tree cover (in Quercus canariensis forest understoreys on deep soils) might be understood, not as a competitive success of this species under relatively favourable conditions, but as a restriction of this species to situations where the scarcity of light becomes limiting for other heath species.
Thus, tolerance to extreme conditions (e.g. high aluminium, shade) seems to explain the ecological distribution of E. australis, E. scoparia, E. arborea and C. 6ulgaris in the Strait of Gibraltar region. The more fragmented pattern of sandstone patches and the higher disturbance levels in Tangier might explain the differences in the patterns of ecological distribution of these four heath species between both peninsulas.
